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The o b j e c t i v e  o f  t h i s  study was t o  develop a computer-based procedure t o  
min imize t h e  su r face  d i s t o r t i o n s  i n  a hoop/column antenna. The approach uses 
mathematical o p t i m i z a t i o n  techniques t o  s e l e c t  a s e t  o f  c o n t r o l  cab le  tens ions  
which min imize t h e  d i s t o r t i o n s .  The m o t i v a t i o n  f o r  t h i s  s tudy was a need f o r  an 
automated procedure t o  lessen t h e  tedium o f  t h e  manual approach c u r r e n t l y  used t o  
so l ve  t h i s  problem. The o v e r a l l  method uses t h r e e  fundamental elements. The 
Engi n e e r i  ng Ana lys i s  Language (EAL) f i n i t e  element a n a l y s i s  program ( r e f .  1) i s  
used t o  c a l c u l a t e  t h e  antenna su r face  d i s t o r t i o n s  due t o  e x t e r n a l l y  a p p l i e d  l oads  
and t h e  d e r i v a t i v e s  o f  su r face  d i s t o r t i o n s  w i t h  respect  t o  t h e  c o n t r o l  c a b l e  
tens ions .  The CONMIN general  purpose o p t i m i z a t i o n  program ( r e f .  2) i s  used t o  
determine t h e  s e t  o f  c o n t r o l  cab le  tens ions  which minimize t h e  antenna s u r f a c e  
d i s t o r t i o n s .  A program based on r e f .  3 i s  used t o  c a l c u l a t e  t h e  best  f i t  parabola 
pass ing through a d i s t o r t e d  antenna shape and t o  c a l c u l a t e  t h e  RMS d i s t o r t i o n  
e r r o r .  Th is  paper discusses t h e  i n t e r i m  r e s u l t s  o f  a f e a s i b i l i t y  study i n  which 
t h e  procedure i s  demonstrated by c o r r e c t i n g  antenna d i s t o r t i o n s  due t o  e x t e r n a l l y  
a p p l i e d  loads. These loads a re  u s e f u l  f o r  check purposes, but  do no t  n e c e s s a r i l y  
rep resen t  r e a l i s t i c  loads found i n  o r b i t .  (See f i g .  1.) 
0 Problem - Develop a procedure to  optimize control cable tensions 
in a hoop/column antenna to  minimize surface 
d i stort ion s 
0 Motivation - Need for a systematic approach 
0 Overall method 
Use EAL f in i te  element analysis 
Use CONMIN optimizer 
Use RMS surface distort ion algori thm 
0 Feasibility study in progress 
0 Loads cases - simulated to  test method 
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ARTIST'S CONCEPT OF HOOP/COLUMN ANTENNA 
F igure  2 shows an e a r t h  o r b i t i n g  hoop/colurnn antenna which r e q u i r e s  a 
p a r a b o l i c  sur face  t o  r e f l e c t  r a d i o  frequency energy proper ly .  Once i n  o r b i t ,  
e x t e r n a l l y  a p p l i e d  loads, such as nonuni form thermal loads, d i s t o r t  t h e  r e f l e c t o r  
sur face  from i t s  des i red  shape. The sur face  c o n t r o l  cables and hoop support  cables 
can be p u l l e d  i n  a p a r t i c u l a r  arrangement such t h a t  t h e  antenna sur face  d i s t o r t i o n s  
w i l l  be minimized f o r  t h a t  p a r t i c u l a r  e x t e r n a l  load. 
F i g u r e  2 
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122 METER HOOP/COLUMN ANTENNA CONFIGURATION 
The c r o s s - s e c t i o n  view o f  f i g u r e  3 shows t h e  major components o f  a 122 meter 
hoop/column antenna. It i s  based on an antenna s t u d i e d  by t h e  H a r r i s  Corpo ra t i on  
and NASA Langley Research Center ( r e f .  4). The r e f l e c t o r  su r face  must be kept  as 
n e a r l y  p a r a b o l i c  as p o s s i b l e .  The su r face  c o n t r o l  cables a re  connected t o  t h e  
cable t r u s s  network l o c a t e d  j u s t  below t h e  r e f l e c t o r  surface. The hoop support  
cables are connected t o  t h e  r i g i d  hoop, which i s  connected t o  t h e  o u t e r  edge of t h e  
r e f l e c t o r  sur face.  The shape o f  t h e  r e f l e c t o r  su r face  i s  h i g h l y  dependent on t h e  
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ELEMENTS OF O P T I M I Z A T I O N  PROCEDURES 
The pr imary elements o f  any o p t i m i z a t i o n  procedure a re  shown i n  f i g u r e  4. The 
o b j e c t i v e  f u n c t i o n  i s  a measure o f  how good t h e  design i s .  I t s  va lue w i l l  e i t h e r  
be minimized o r  maximized f o r  an optimum design. The design v a r i a b l e s  a re  t h e  
q u a n t i t i e s  which vary d u r i n g  t h e  o p t i m i z a t i o n  process. T h e i r  values a re  t h e  f i n a l  
p roduc t  o f  t h e  o p t i m i z a t i o n  and represent  t h e  q u a n t i t i e s  which make t h e  o b j e c t i v e  
f u n c t i o n  optimum. C o n s t r a i n t s  appear i n  two forms and a re  used t o  p lace  
r e s t r i c t i o n s  on t h e  design. Behavior c o n s t r a i n t s  a re  l i m i t s  on t h e  response o f  t h e  
system be ing  opt imized.  A t y p i c a l  example i n  s o l i d  mechanics i s  a s t r e s s  
c o n s t r a i n t  l i m i t i n g  t h e  maximum s t r e s s  a l l o w a b l e  i n  some component o f  a s t r u c t u r e .  
Side c o n s t r a i n t s  a re  upper and/or lower  l i m i t s  on t h e  values o f  i n d i v i d u a l  des ign 
v a r i a b l e s .  An example, a l s o  f rom s o l i d  mechanics, i s  a minimum o r  maximum gage f o r  
a s t r u c t u r a l  component such as a p l a t e  o r  t r u s s  element, t h a t  i s  a l lowed t o  vary i n  
s i ze .  
I 
0 Objective func t ion  
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D E F I N I T I O N  OF OBJECTIVE FUNCTION 
The i d e a l  surface shown i n  f i g u r e  5 represents  t h e  p a r a b o l i c  shape o f  t h e  
undeformed antenna. When e x t e r n a l  loads are appl ied,  t h e  i d e a l  su r face  deforms t o  
t h e  shape i n d i c a t e d  by t h e  d o t t e d  l i n e .  The dashed l i n e  i s  t h e  bes t  f i t  parabola 
t h a t  can be passed through t h e  deformed shape. Eps i l on  i s  t h e  normal d i s t a n c e  
between t h e  deformed and best  f i t  surfaces. The e p s i l o n s  are measured a t  66 p o i n t s  
over  t h e  antenna s u r f a c e  i n  t h i s  study. The o b j e c t i v e  f u n c t i o n  i s  t h e  RMS e r r o r  
measure f o r  t h e  eps i l ons .  M i n i m i z i n g  t h e  o b j e c t i v e  f u n c t i o n  forces t h e  deformed 
su r face  toward t h e  best  f i t  p a r a b o l i c  shape, which i s  no t  n e c e s s a r i l y  t h e  same 
parabola as t h e  i d e a l  sur face.  The bes t  f i t  pa rabo la ' s  f o c a l  p o i n t  can be 
d i f f e r e n t  from t h a t  of t h e  i d e a l  sur face,  and r e s t r i c t i o n s  can be p u t  on f o c a l  
p o i n t  movement. One r e s t r i c t i o n  cou ld  be t o  f o r c e  t h e  bes t  f i t  and i d e a l  f o c a l  
p o i n t s  t o  be t h e  same, which means t h a t  t h e  best  f i t  su r face  i s  t h e  i d e a l  sur face.  
Another r e s t r i c t i o n  cou ld  be t o  r e q u i r e  t h e  focal  l e n g t h  t o  be t h e  same f o r  t h e  
best  f i t  and i d e a l  surfaces, but  t o  a l l o w  t h e  p o i n t  t o  move g i v i n g  b o r e s i g h t  e r r o r s  
and t r a n s l a t i o n  o f  t h e  o r i g i n  o f  t h e  parabola. A t h i r d  o p t i o n  might  he t o  impose 
no r e s t r i c t i o n s  on t h e  f o c a l  p o i n t .  I n  t h i s  study, t h e  f o c a l  l e n g t h  was h e l d  
constant .  





."... ..* '.* ...'. = Deformed surface 
E = Normal distance f rom deformed 
surface to  the best fit surface 
Objective funct ion = [ X  -E E *I l"= RMS er ro r  
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MODEL OF HOOP/COLUMN ANTENNA SURFACE 
F igure  6 shows a p l a n  view o f  a hoop/column antenna. It i s  cons t ruc ted  o f  48 
gores w i t h  4 surfaces o f  i l l u m i n a t i o n  i n d i c a t e d  by t h e  dashed c i r c l e s .  The shaded 
r e g i o n  i s  t h e  one gore used as t h e  a n a l y t i c a l  model f o r  t h i s  study. Since each o f  
these 48 gores i s  very  much a l i k e ,  any one of them would be adequately represented 
by t h i s  choice of a n a l y t i c a l  model. Because of t h i s  symmetry, boundary c o n d i t i o n s  
imposed on t h e  a n a l y t i c a l  model are v e r t i c a l  planes o f  symmetry a long the  gore 
edges. This  means t h a t  on ly  displacements normal t o  t h e  antenna sur face w i l l  be 
a l lowed on those two edges. 
Antenna aore - 
used in 
( 1 of 
F igure  6 
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DEFINITION OF DESIGN VARIABLES 
An exploded view of t h e  one gore a n a l y t i c a l  model i s  shown i n  f i g u r e  7. 
S i m p l i f i e d  rep resen ta t i ons  of t h e  cab le  t russes  connect t h e  su r face  c o n t r o l  cables 
t o  t h e  r e f l e c t o r  surface. The hoop bar i s  connected t o  t h e  r e f l e c t o r  s u r f a c e  a t  
t h e  corner  p o i n t s .  The design v a r i a b l e s  used i n  t h i s  study a re  t h e  tens ions  i n  t h e  
12 numbered cables. Cables 1-8 a re  su r face  c o n t r o l  cables and cables 9-12 a re  hoop 
suppo,rt cables.  The o n l y  c o n s t r a i n t s  used i n  t h i s  study a re  s ide  c o n s t r a i n t s  which 
p reven t  t h e  c o n t r o l  cables from being i n  compression. The EAL f i n i t e  element model 
o f  t h i s  gore i s  comprised of 166 j o i n t s ,  234 rod  elements, 92 su r face  membrane 
elements, and 498 degrees o f  freedom. The model i s  i n i t i a l l y  pre-tensioned, which 
i s  represented by a geometr ic s t i f f n e s s  m a t r i x .  The geometric s t i f f n e s s e s  would 
o r d i n a r i l y  change when tens ions  a re  changed i n  t h e  model , l e a d i n g  t o  a n o n l i n e a r  
a n a l y s i s  problem. These changes have been neglected f o r  t h i s  study, which means 
t h e  tens ions  i n  t h e  c o n t r o l  cables a re  a p p l i e d  as e x t e r n a l  f o rces  i n  t h e  e q u i l i b -  
r i um equat ion.  I n  a d d i t i o n ,  t h e  values o f  t h e  design v a r i a b l e s  a re  t e n s i o n  
i nc reases  above t h a t  o f  t h e  pre- tens ioned s t a t e ,  n o t  t h e  t o t a l  t e n s i o n s  i n  t h e  
c o n t r o l  cab1 es. 
Design variables a re  tensions in numbered cables 
4 Mast 
4\ 
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SUMMARY OF OPTIMIZATION PROCEDURE 
F i g u r e  8 summarizes t h e  o p t i m i z a t i o n  procedure. The procedure f i n d s  t h e  s e t  
o f  c o n t r o l  cab le  tens ions  which r e s u l t s  i n  t h e  best  p a r a b o l i c  antenna sur face  
sub jec ted  t o  e x t e r n a l l y  a p p l i e d  loads. The o b j e c t i v e  f u n c t i o n  i s  t h e  RMS e r r o r  o f  
t h e  sur face  d i s t o r t i o n s .  The design v a r i a b l e s  are t h e  values o f  tens ions  a p p l i e d  
t o  t h e  c o n t r o l  cables. The c o n s t r a i n t s  are s i d e  c o n s t r a i n t s  which prevent t h e  
c o n t r o l  cables f rom being i n  compression. The m i n i m i z a t i o n  i s  performed u s i n g  
CONMIN, a w ide ly  used general purpose o p t i m i z a t i o n  program which employs usable/  
f e a s i b l e  d i r e c t i o n s  methods and n o n l i n e a r  programming techniques. The EAL f i n i t e  
element a n a l y s i s  program i s  used t o  c a l c u l a t e  t h e  sur face  d i s t o r t i o n s  caused by 
e x t e r n a l  l y  appl i e d  1 oads and d e r i v a t i v e s  o f  sur face d i  s t o r t i  ons w i t h  respect  t o  
c o n t r o l  cab1 e t e n s i  ons . 
0 Find design variables which minimize objective funct ion 
subject t o  con stra i nt s 
Objective funct ion i s  RMS surface distort ion 
Design variables are tensions in control cables 
Constraints are requirement for positive control 
cable tensions 
0 Minimizat ion carried out using CONMIN 
U sa b I e/ fea sib 1 e d i recti  on s 
Non -l inear programming techniques 
0 Method requires derivatives of displacements with respect 
t o  control cable tensions 
Performed in EAL 
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DISTRIBUTIONS OF TEMPERATURE A N D  PRESSURE 
USED TO VALIDATE PROCEDURE 
The t h r e e  shapes i n  f i g u r e  9 show t h e  load d i s t r i b u t i o n s  used i n  t e s t  cases t o  
v a l i d a t e  t h e  procedure. Shape 1 i s  a u n i f o r m  d i s t r i b u t i o n  o f  load  over t h e  antenna 
sur face.  Shape 2 i s  a l i n e a r l y  vary ing  d i s t r i b u t i o n  across t h e  w id th  o f  t h e  gore. 
Shape 3 i s  a l i n e a r l y  v a r y i n g  d i s t r i b u t i o n  a long t h e  l e n g t h  o f  t h e  gore. These are  
t h e  t h r e e  most l o g i c a l  i n i t i a l  choices f o r  t e s t i n g  purposes and do not  n e c e s s a r i l y  
represent  l o a d  d i s t r i b u t i o n s  found i n  o r b i t .  Pressure d i s t r i b u t i o n s  are used t o  
cause more severe displacements normal t o  t h e  antenna sur face t o  b e t t e r  t e s t  t h e  
procedure. 
Uni form distr ibut ion 
L i nea r I y va r y i  ny d i st r i b ut i on  
across width of gore 
4 
L i  near 1 y va r yi ng d i st r i b ut ion  
across length of gore 
F igure  9 
FLOW DIAGRAM FOR OPTIMIZATION PROCEDURE 
__ _ _ _ _ _ _ _ _ ~  
Eva I u i e  d i sp la ce men t s 
due to control cable tensions 
The f l o w  diagram shown i n  f i g u r e  10 o u t l i n e s  t h e  implementat ion o f  t h e  o p t i m i -  
z a t i o n  procedure. F i r s t ,  EAL c a l c u l a t e s  t h e  displacements o f  t h e  antenna sur face  
due t o  e x t e r n a l l y  a p p l i e d  loads. EAL then c a l c u l a t e s  t h e  a n a l y t i c a l  d e r i v a t i v e s  of 
sur face displacements w i t h  respect  t o  c o n t r o l  cable tens ions.  Since changes i n 
geometr ic s t i f f n e s s e s  are neglected, these d e r i v a t i v e s  are constant and need be 
c a l c u l a t e d  on ly  once. Next, EAL evaluates t h e  sur face displacements due t o  t h e  
c u r r e n t  s e t  o f  c o n t r o l  cable tens ions  w i t h  a f i r s t  o rder  Tay lor  s e r i e s  approx i -  
mat ion us ing  t h e  p r e v i o u s l y  c a l c u l a t e d  d e r i v a t i v e s  and the  c u r r e n t  values o f  t h e  
des ign var iab les .  The net  displacements are t h e  d i f f e r e n c e s  between t h e  i n i t i a l  
d isplacements and t h e  displacements due t o  c o n t r o l  cable tens ions.  A best  f i t  
parabola i s  passed through t h e  n e t  displacements, and t h e  normal d is tances from t h e  
ne t  displacements t o  t h e  best f i t  sur face  are  found. The RMS d i s t o r t i o n  e r r o r  i s  
computed as t h e  o b j e c t i v e  f u n c t i o n .  CONMIN checks whether o r  no t  t h e  RMS e r r o r  i s  
a minimum. I f  it i s  not,  then CONMIN updates t h e  tens ions  and t h e  procedure 
reeva lua tes  t h e  sur face  displacements. The process cont inues u n t i  1 CONMIN v e r i f i e s  
t h a t  t h e  RMS e r r o r  i s  a minimum. A t  t h i s  p o i n t ,  t h e  procedure terminates and t h e  
r e s u l t  i s  a s e t  o f  c o n t r o l  cable tens ions  t h a t  produce t h e  best antenna surface. 
The procedure exh i  b i t s  slow convergence and t y p i c a l  l y  requ i  res about 40 i t e r a t i o n s  
and 80 cp seconds on a CYBER 175 computer. 
* 
Beg i n opti mi  zat ion Q 




W. R. T. 
control cable 
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Ca I c u  late 
in i t ia l  
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- 
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+ 
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va r ia bles 
J 
( End optimization 1 
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SHAPE CORRECTION FOR ANTENNA-TEMPERATURE LOADING 
Representat ive r e s u l t s  are presented i n  f i g u r e  11 t o  i n d i c a t e  t h e  l e v e l  o f  
d i s t o r t i o n  c o r r e c t i o n  a t t a i n a b l e  by o p t i m a l l y  ass ign ing  tens ions  i n  12 c o n t r o l  
cables o f  a 122 meter hoop/column antenna. The f i g u r e  shows t h e  r e s u l t s  o f  f i v e  
t e s t  cases us ing  temperature d i s t r i b u t i o n s  which cause i n i  t i  a1 sur face  
d i s t o r t i o n s .  Each o f  t h e  cases had a maximum temperature magnitude o f  100' F. The 
column labe led  "Uncorrected RMS d i s t o r t i o n "  i s  t h e  i n i t i a l  RMS e r r o r  o f  t h e  antenna 
sur face  w i t h  t h e  i n d i c a t e d  temperature l o a d  appl ied.  A f t e r  t h e  o p t i m i z a t i o n  
procedure i s  used, t h e  RMS e r r o r  i s  changed t o  t h a t  l i s t e d  i n  the  column l a b e l e d  
"Corrected RMS d i s t o r t i o n " .  The r e s u l t i n g  reduc t ions  i n  t h e  RMS e r r o r  o f  t h e  
sur face d i s t o r t i o n s  ranged between 22 and 58 percent.  
Load Maximum Uncorrected Corrected Percent 
shape temperature RMS distort ion RMS distort ion reduction 
( OC ) ( c m )  ( c m )  
1 38 0.0207 0.0156 25 
1 -38 0.0207 0.0161 22 
2 38 0.0266 0.0152 43 
3 38 0.0511 0.0244 52 
3 -38 0.0511 0.0215 58 
F i g u r e  11 
418 
I SHAPE CORRECTIONS FOR ANTENNA-PRESSURE LOADING 
I 
F igure  12 shows r e p r e s e n t a t i v e  r e s u l t s  of f i v e  t e s t  cases u s i n g  pressure 
d i s t r i b u t i o n s  t o  cause i n i t i a l  sur face  d i s t o r t i o n s .  Each of t h e  cases had a 
maximum pressure magnitude o f  pounds per  square inch. The s i g n  o f  t h e  maximum 
pressure i n d i c a t e s  t o  which s i d e  o f  t h e  antenna sur face  t h e  load i s  be ing app l ied .  
The column l a b e l e d  "Uncorrected RMS d i s t o r t i o n "  i s  t h e  i n i t i a l  RMS e r r o r  o f  t h e  
antenna sur face  w i t h  t h e  i n d i c a t e d  pressure load appl ied.  A f t e r  the  o p t i m i z a t i o n  
procedure i s  used, t h e  RMS e r r o r  i s  changed t o  t h a t  l i s t e d  i n  t h e  column l a b e l e d  
"Corrected RMS d i s t o r t i o n " .  The r e s u l t i n g  reduc t ions  i n  t h e  RMS e r r o r  o f  t h e  
s u r f a c e  d i s t o r t i o n s  ranged between 16 and 45 percent.  
Load 
shape 
Maximum Uncorrected Corrected Percent 
RMS distort ion RMS distort ion reduction 6 pressure (N/sq. m x 10 1 ( c m )  ( c m )  
.34875 2.1996 1.8501 
-. 34875 2.1996 1.6812 
. 34875 .5535 .3023 
.34875 1.0055 .8161 
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UNCORRECTED AND CORRECTED DISTORTIONS ALONG GORE CENTERLINE 
As a t y p i c a l  r e s u l t ,  f i g u r e  13 shows t h e  unco r rec ted  and c o r r e c t e d  d i s t o r t i o n s  
a long  t h e  gore c e n t e r l i n e  f o r  a 100" F temperature d i s t r i b u t i o n  which v a r i e s  
l i n e a r l y  a long t h e  l e n g t h  o f  t h e  gore. The v e r t i c a l  a x i s  i n d i c a t e s  t h e  normal 
displacements f rom t h e  best  fit surface ( p r e v i o u s l y  d e f i n e d  as e p s i l o n )  and t h e  
h o r i z o n t a l  a x i s  i s  t h e  nondimensional l e n g t h  o f  t h e  antenna gore. The h o r i z o n t a l  
re fe rence  l i n e  i s  t h e  bes t  f i t  parabola.  The s o l i d  curve i s  t h e  unco r rec ted  
d i s t o r t i o n  o f  t h e  antenna su r face  a long t h e  gore c e n t e r l i n e .  The dashed curve i s  
t h e  c o r r e c t e d  d i s t o r t i o n  o f  t h e  antenna su r face  a f t e r  t h e  o p t i m i z a t i o n  procedure 
determines a s e t  o f  c o n t r o l  cab le  tens ions  which min imize t h e  RMS e r r o r .  It can be 
seen t h a t  t h e  c o r r e c t e d  curve c l o s e l y  f o l l o w s  t h e  h o r i z o n t a l  reference l i n e  and 
t h e r e f o r e  i s  n e a r l y  pa rabo l i c ,  which i s  t h e  o b j e c t i v e  o f  t h e  o p t i m i z a t i o n  
procedure. 
Uncorrected distort ion 
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A systemat ic ,  computer-based procedure u s i n g  mathematical o p t i m i z a t i o n  has 
been devel  oped t o  min imize t h e  su r face  d i  s t o r t i  ons o f  a hoop/col  umn antenna caused 
by e x t e r n a l l y  a p p l i e d  loads. The procedure i s  b u i l t  around t h e  EAL f i n i t e  element 
a n a l y s i s  program and t h e  CONMIN general  purpose o p t i m i z a t i o n  program, both o f  which 
a r e  w ide ly  used and a v a i l a b l e .  Improvements i n  RMS e r r o r  were ob ta ined  f o r  every 
t e s t  case at tempted d u r i n g  t h e  v a l i d a t i o n  o f  t h e  procedure. Fu tu re  p lans c a l l  f o r  
t e s t i n g  t h e  procedure u s i n g  a f i n i t e  element model o f  a complete 48 gore hoop/ 
column antenna, and use o f  more r e a l i s t i c  l oad  c o n d i t i o n s  t h a t  would be encountered 
i n  o r b i t .  Also, t h e  i n c l u s i o n  o f  o t h e r  parameters i n  t h e  o p t i m i z a t i o n  procedure 
w i l l  be s tud ied .  These may i n i t i a l l y  c o n s i s t  o f  b o r e s i g h t  and focus e r r o r s  i n  t h e  
o b j e c t i v e  f u n c t i o n  o r  c o n s t r a i n t s .  (See f i g .  14.) 
0 Developed procedure based on mathematical optimization 
to  control antenna distortions 
0 Used EAL, CONMIN, RMS algori thm 
0 Successfully tested procedure on hoop/column antenna 
0 Future work 
Test procedure on f u l l  antenna model 
Use more realistic loading conditions 
Include boresight and focus er ro rs  in 
objective f u n ct i on 
F i g u r e  14 
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